Introduction
Combination ART (cART) has significantly reduced mortality and morbidity related to HIV-1 infection. 1 Advancement of new drugs in clinical settings has been evidenced by their higher tolerability and less adverse effects. For example, the NRTI tenofovir alafenamide, 2 which is a novel prodrug of tenofovir, and the NNRTIs etravirine 3 and rilpivirine 4 have lower toxicity than respective compounds of previous generations. In addition, several new highly efficacious and tolerable integrase strand transfer inhibitors (INSTIs), including dolutegravir, cabotegravir and bictegravir, have been developed. [5] [6] [7] Importantly, NRTIs still serve as the backbone of cART. Given the increasing global trend of resistance associated with currently used NRTIs and NNRTIs, 8 there is a continued need of new NRTIs that have efficacy against NRTI-resistant viruses, especially in low-and middle-income countries. 0 -Ethnyl-2 0 -fluoro-2 0 -deoxyadenosine (EFdA) is a new anti-HIV drug that inhibits HIV-1 reverse transcriptase (RT) via a novel mechanism, by acting as a chain-terminating agent that decreases translocation of RT. Thus, EFdA has been termed as translocation-defective reverse transcriptase inhibitor (TDRTI). 9 In contrast to all approved NRTIs, EFdA retains a 3 0 OH group, which is expected to improve its phosphorylation efficiency in vivo by cellular kinases, making it a strong competitor with the natural (dATP) substrate during HIV-1 cDNA synthesis. 10 It has been shown that EFdA has low toxicity and a high in vivo potency in Simian immunodeficiency virus (SIV)-infected rhesus macaques and humanized mice. 11, 12 The first Phase I study in humans reported that the drug suppressed HIV-1 replication for at least 7 days when administered as a single dose as low as 0.5 mg. 13 Phase II studies in humans are currently underway. The extraordinary antiretroviral potency and pharmacokinetic properties of EFdA suggest that it is a strong candidate to serve as a long-acting drug and could serve in prophylaxis approaches. EFdA also has potential to be used against NRTI-resistant HIV strains. 14 An additional potential problem associated with antiretroviral drugs is the subtype-specific differences in their susceptibility, which have not been evaluated systematically for most drugs. Furthermore, the effect of subtype-specific drug resistance mutations (DRMs) on second-generation reverse transcriptase inhibitors (RTIs) has not been well characterized. With the discovery of new and more potent RTIs that act through novel mechanisms, there is great need for the evaluation of phenotypic drug resistance and in vitro potency for diverse HIV-1 subtypes. This is especially relevant to low-and middleincome countries, where the subtype heterogeneity is very high, and both transmitted as well as acquired HIV drug resistances are increasing significantly. 15 Earlier studies on HIV-1 subtype B (HIV-1B) have shown synergism between EFdA and rilpivirine, which may prove to be advantageous against specific RTI-resistant strains. 16 In addition, strains containing the DRM K65R, which emerges among patients failing treatment with the first approved oral prodrug of tenofovir, tenofovir disoproxil fumarate, are hypersusceptible to EFdA.
14 It should be noted that HIV-1C viruses develop the K65R mutation rapidly. 17 Moreover, tenofovir alafenamide is associated with higher intracellular concentrations of tenofovir and may in vitro retain activity against tenofovir disoproxil fumarate-resistant viruses, 18 although clinical relevance has not been shown. It is known that HIV-1 subtypes may affect the treatment response for PIs, 19, 20 but whether subtype-related differences exist for EFdA has not been studied, although it has potent efficacy against HIV-2. In view of the limited information available on the efficacies of different RTIs against different subtypes, the primary aim of this study was to identify the ex vivo (virological) and in vitro (biochemical) antiretroviral potential of all NNRTIs (nevirapine, efavirenz, etravirine and rilpivirine), the most commonly used NRTI (tenofovir alafenamide) and the novel TDRTI EFdA using diverse HIV-1 subtypes with or without resistance mutations.
Materials and methods

Cell lines, plasmids and antiretrovirals
TZM-bl 21 cells were obtained from NIH AIDS Reagent Program, NIH, USA. 293 T cells were purchased from ATCC, USA. TZM-bl and 293 T cells were maintained in culture medium consisting of DMEM (Sigma, USA) supplemented with 10% FBS, penicillin/streptomycin antibiotics (100 IU/mL and 50 lg/mL, respectively) and 2 mM L-glutamine. MT-4 cells were maintained in RPMI medium containing 10% FBS, penicillin/streptomycin antibiotics (100 IU/mL and 50 lg/mL, respectively) and 2 mM L-glutamine. The plasmid pNL43, 22 which is derived from a WT HIV-1B strain, and seven RT-resistant HIV-1B viruses containing major DRMs [plasmid clones 12227  (M41L, T215Y, K101P, K103N), 12229 (M41L, L74V, M184V, T215Y, 23 The following drugs were purchased from Selleckchem, USA: nevirapine, efavirenz, etravirine, rilpivirine and tenofovir alafenamide.
Clinical specimens
Stored plasma samples from patients who were either therapy naive (n " 42) or had a virological treatment failure (n " 9) were randomly selected from the HIV cohort at Karolinska University Hospital, Stockholm, Sweden. Of these, 11 samples did not give any positive clones even after multiple efforts, and 13 were not replication competent. Finally we obtained 24 replication-competent viruses from treatment-naive individuals who were pure subtypes (HIV-1A1, n " 1; HIV-1B, n " 5; HIV-1C, n " 15) or circulating recombinant forms (CRFs) (01_AE, n " 1; 02_AG, n " 2), whilst the viruses extracted from patients with therapy failure (n " 3) were HIV-1B (n " 1), HIV-1D (n " 1) and HIV-1C (n " 1), as determined by our previously published near full-length sequencing protocol. 24 The A1, 01_AE and 02_AG were grouped as A-like viruses as described earlier for statistical analysis. 25 The three viruses extracted from therapy-failure patients had the following mutations: HIV-1D, K65R, T69del, L100I, Y181C, Y188L, H221Y; HIV-1C, K65R, M184V, V108I, Y181C, G190S; HIV-1B, M41L, D67N, K70R, M184V, L210W, T215Y, K219E, K103S and G190A. Ethics clearance for the study was obtained from the Regional Ethics Committee of Stockholm, Sweden (Dnr 2014/928-31/2 and 2013/1944-31/4). All participants gave informed consent.
Recombinant virus production
Briefly, viral RNA was extracted using the QIAmp viral RNA extraction kit (Qiagen, Hilden, Germany) from 140 lL of plasma. The gag-pol fragment (HXB2: 0702-5798) was cloned into pNL43 plasmid following digestion with BssHII and SalI (New England Biolabs, USA) and ligation using T4 DNA ligase (New England Biolabs), as described by us previously. 26 The chimeric viruses were produced by transient transfection of the plasmids into the 293 T cell line using FuGENE V R HD Transfection Reagent (Promega, USA) and harvested 72 h later by collection of the cell-free supernatant via centrifugation; aliquots were stored at #80 C.
Drug susceptibility assay (DSA)
DSA was performed by determining the extent to which EFdA, nevirapine, efavirenz, etravirine, rilpivirine and tenofovir alafenamide inhibited the replication of the reference virus (NL43) and the 24 treatment-naive patientderived chimeric viruses (HIV-1B, 6; HIV-1C, 14; HIV-1A-like, 4). Drugs serially diluted in culture medium, spanning from 10 to 0.000001 lM, were added in triplicate in 96-well plates that had been seeded 24 h before the start with 10000 TZM-bl cells/well. The viruses were added to each well at an moi of 0.05 IU/cell in the presence of 10 lg/mL DEAE. Virus replication was quantified by measuring luciferase activity (relative light units) using the Bright-Glo TM Luciferase Assay System (Promega, USA) 48 h postinfection. Drug concentrations required for inhibiting virus replication by 50% (EC 50 ) were calculated from a dose-response curve using non-linear Njenda et al.
regression analysis (GraphPad Prism, version 6.07; GraphPad Software, La Jolla, CA, USA).
The DSA experiments were performed with three technical replicates for each virus with the specified dynamic concentration range of the drug, and at least two independent analyses (biological replicates) were performed. The reproducibility of the DSA was assessed based on the 95% CI obtained for the drug EC 50 and the degree of correlation between technical replicates. The output for the drug EC 50 results was used to compute the fold change value for each virus relative to NL4.3 before being exported to GraphPad Prism software for graphical representation and statistical analysis.
Cloning and purification of RT
Patient-derived HIV-1 RT enzymes were used in NNRTI susceptibility and kinetics assays. All enzymes were purified as described previously. 27 Briefly, The RT genes of different subtypes were PCR amplified from DNA amplicons of viruses isolated from patients infected with diverse subtypes. For the cloning of the p66 subunit, NcoI and SalI restriction sites were added, except for 02_AG, for which primers were designed to add the SalI restriction site. For the cloning of the p51 subunit, BamHI and SalI restriction sites were added. The p66 subunit was cloned in the pCDFDuet-1 vector (EMD Millipore, Billerica, MA, USA), whereas for p51 the pRSFDuet-1 vector (EMD Millipore) was used. The p51 subunit contained a 6X histidine tag on its N terminus when expressed. The cloned genes on each plasmid are controlled by a T7 promoter and lac operator. The proteins were expressed and purified using an Ni-affinity column.
IC 50 values of NNRTIs
The NNRTI susceptibility assays were conducted in 96-well plates by measuring the conversion of double-stranded DNA from Td 100 /Pd 18 templateprimer using a PicoGreen-based spectrophotometric assay in the presence of increasing concentrations of NNRTIs. The reactions, consisting of 20 nM RTs from different subtypes, 50 nm Td 100 /Pd 18 and 10 lm dNTPs in a buffer containing 50 mM Tris, pH 7.8, and 60 mM KCl, were initiated by adding 5 mm MgCl 2 . The reactions were allowed to proceed for 30 min at 37 C followed by quenching with the addition of 100 mm EDTA. Quant-iT TM PicoGreen reagent (Invitrogen, USA) was added to quantify the amount of double-stranded DNA formed in TE buffer. The reaction mixtures were excited at 480 nm and fluorescence was monitored at 520 nm using an EnSpire Multilabel plate reader (PerkinElmer Life Sciences). Dose-response curves of triplicate samples were plotted using GraphPad Prism version 6.07 (GraphPad, Inc.) to determine the IC 50 values of NNRTIs.
Steady-state kinetics of dATP and EFdA-TP incorporation
We used steady-state kinetics to determine the apparent binding affinity (K m.dNTP ) of triphosphate form of EFdA (EFdA-TP) and dATP with enzyme/ template-primer (31/18-mer) complex. In these assays, 10 nM RT and 100 nM T/P were incubated in a buffer containing 50 mM Tris-HCl, pH 7.8, and 60 mM KCl. The reactions were initiated by the addition of 5 mM MgCl 2 and increasing concentrations of dATP (10 nM to 25 lM) or EFdA-TP (2.5 nM to 5 lM). The reactions were allowed to proceed for 2 min followed by quenching by the addition of a solution containing 95% formamide, 0.01% bromophonol blue and 25 mM EDTA. The reaction products were resolved on a 16% polyacrylamide/7 M urea gel. The bands corresponding to 19-mer product were visualized on Typhoon (Thermo Fisher, USA) and quantified by ImageQuant (GE Electronics, USA 
Statistical analysis
Descriptive values for the EC 50 in nM for each drug are represented as the median and IQR. The difference between two drugs was evaluated using the Wilcoxon matched-pairs signed-rank test. Subtype-specific differences were measured using the Kruskal-Wallis test. All statistical analysis were computed in GraphPad Prism version 6.07 (GraphPad, Inc.).
Results
Ex vivo antiretroviral potency on WT viruses
The chimeric viruses derived from therapy-naive patients (n " 24) were used to investigate the susceptibility to six RTI drugs: EFdA, nevirapine, efavirenz, etravirine, rilpivirine and tenofovir alafenamide ( Figure 1a . In addition, rilpivirine showed higher potency than efavirenz (P " 0.049).
While comparing the specific potency for HIV-1B, HIV-1C and HIV-1A-like strains, no statistically significant difference was found for EFdA [median (IQR) EC 50 "1.69 nM (1.41-2.68 nM), 1.41 nM (0.38-1.67 nM) and 1.69 nM (1.41-2.68 nM); Kruskal-Wallis test P " 0.41], tenofovir alafenamide (Kruskal-Wallis test P " 0.23) and the first-generation NNRTI (nevirapine, P " 0.13; efavirenz, P " 0.64). However, subtype-specific differences were found for the second-generation NNRTIs etravirine (P " 0.004) (Figure 1b ) and rilpivirine (P " 0.017) (Figure 1c) , where HIV-1C had the highest EC 50 values.
In vitro biochemical analysis of WT viruses
To confirm the relatively lower susceptibility to etravirine and rilpivirine for HIV-1C observed in cell-based assays, we determined IC 50 values in cell-free biochemical assays. In vitro biochemical assays targeting nevirapine, etravirine and rilpivirine identified subtype-specific differences, but this was not observed for efavirenz (Figure 2 ). For nevirapine, non-B subtypes showed lower IC 50 values compared with HIV-1B (HIV-1B versus HIV-1C, P " 0.02; HIV-1B versus HIV-102_AG, P " 0.005). In line with the cell-based assay, for both etravirine and rilpivirine, HIV-1C had higher IC 50 values compared with HIV-1B (P " 0.03 and P " 0.02, respectively), 01_AE (P " 0.02 and P " 0.02, respectively) and 02_AG (P " 0.006 and P " 0.01, respectively). The steady-state kinetics of nucleotide incorporation showed that EFdA was preferred over natural substrate dATP, with a fold change of between 1.6 and 3.2 (Table 1) . No statistical difference in comparative efficiency was observed between the subtypes. Intriguingly, the polymerase efficiency of the monophosphate form of EFdA (EFdA-MP) incorporation by HIV-1C RT was significantly less than those of the RT of the other subtypes.
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Ex vivo potency on drug-resistant viruses
The multiple sequence alignment is presented in Figure 3(a) . In SE138.4, a polymorphic mutation K103R was detected, whereas in SE141.5, K101Q, a relatively non-polymorphic mutation, was detected. No other accessory mutations were detected. The genotypic resistance prediction in the Stanford HIV drug resistance database identified all the strains as intermediate-to high-level resistant to all NRTIs except zidovudine and NNRTIs (Figure 3b ). The DSA was performed on three resistant viruses from treatmentfailure patients, one G190A-containing strain from a treatmentnaive individual, and seven NNRTI-resistant viruses obtained from the NIH AIDS Reagent Program. The log 2 fold changes in EC 50 against WT pNL4-3 viruses in NNRTIs are shown in Figure 4 (a). It is interesting to note that despite the presence of four rilpivirine mutations (L100I, Y181C, Y188L and H221Y), the HIV-1D strain (SE138.4) showed hypersusceptibility to rilpivirine, and another virus (SE141.5) with V108I, Y181C and G190S mutations showed 18 (4 log 2 ) fold lower susceptibility to rilpivirine. The third HIV-1B virus (SE061.2) with the G190A mutation was hypersusceptible to rilpivirine. Similar data were obtained for the HIV-1A1 virus with the single G190A mutation obtained from a treatment-naive individual. As expected, the seven NNRTI-panel HIV-1B viruses showed reduced susceptibility to all the drugs (nevirapine, efavirenz, etravirine and rilpivirine) (Figure 4b ). Among the seven NNRTI-resistant panel viruses, six also had NRTI mutations. EFdA suppressed seven out of nine viruses with NRTI mutations, of which hypersusceptibility was found in four viruses: 12243 (fold resistance " 0.091), SE138.4 (fold resistance " 0.69), SE141.5 (fold resistance " 0.33) and SE061.2 (fold resistance " 0.02). Interestingly two of the viruses, SE138.4 and SE141.5, had the K65R mutation. EFdA showed 3-fold reduced susceptibility in a virus with both thymidine analogue mutations pathway 1 (TAM-1) (M41L, T210W and T215Y) and pathway 2 (TAM-2) (D67N), along with other mutations (E44D, L74I and T69D), but had still better activity than tenofovir alafenamide (fold resistance " 10). Interestingly when both TAM-1 (M41L, T210W, T215Y) and TAM-2 (D67N, K70R, K219E) with the M184V mutation were present, EFdA showed hypersusceptibility. One virus with TAM-1 (M41L, T215Y) and L74V showed a high fold resistance to EFdA. Despite the presence of the K65R mutation, one virus (K65R and T69deletion) showed susceptibility to tenofovir alafenamide, and another (K65R and M184V) 3-fold resistance (Figure 4c ).
Discussion
cART remains the most effective approach for managing the HIV pandemic. However, the introduction of novel antiretrovirals has created a need for phenotypic analysis to evaluate their potency and drug resistance profiles, not only for HIV-1B but also for the globally dominating non-B subtypes. In this study, we created a panel of non-B subtype chimeric viruses with or without DRMs and investigated the ex vivo and in vitro potency of first-and secondgeneration RTIs commonly used in low-and middle-income countries, and compared these with the novel drug EFdA. Our biochemical and virological study indicated that EFdA exhibited high Njenda et al.
efficiency against both WT viruses and DRM-containing viruses in a subtype-independent manner. In addition, EFdA showed equal efficacy or hypersusceptibility for most drug-resistant viruses when compared with WT viruses. In contrast, the second-generation NNRTIs etravirine and rilpivirine had a lower potency in HIV-1C strains.
In the DSA, EFdA displayed ex vivo potency for WT chimeric viruses comparable to that shown by other RTIs. The EC 50 values for other RTIs used in our study were in the ranges reported previously. Thus, the reported median EC 50 values are in the range of 5 nM 28,29 to 10 nM 18 for tenofovir alafenamide, between 1.5 nM 18 and 2.0 nM 30 for efavirenz, 0.1-2.0 nM for rilpivirine, 31 and 1.4-4.0 nM 32 for etravirine, and our value of 48.87 nM for nevirapine is close to the reported value of 84 nM found in enzymatic assays. 33 The slight differences in published values compared with our values are most likely attributable to differences in the phenotypic assays used.
The results of our analysis of the EFdA susceptibility of the RTI-resistant strains confirm the strong potential EFdA has as an RTI, e.g. in a salvage regimen. Furthermore, no subtype-specific differences in EFdA susceptibility were found, supporting the use of EFdA in countries where non-HIV-1B viruses are dominating.
Moreover, tenofovir alafenamide, nevirapine and efavirenz had similar efficacy, independent of the subtype. In contrast, HIV-1C was less susceptible to both etravirine and rilpivirine, as compared with non-HIV-1C. This is a novel finding although an earlier study concluded that HIV-1C viruses containing DRMs against nevirapine and efavirenz will have decreased efficacy against both etravirine and rilpivirine in nearly half of the patients. However, no comparisons were done with non-HIV-1C in that study. 34 Our finding adds further caution over the use of second-generation NNRTIs in HIV-1C-infected patients. Analysis of patients from the EARNEST trial 35 failing first-line ART reported that non-B subtypes differ in DRMs, which impacts the residual NNRTI susceptibility. In particular, a higher rate of etravirine and rilpivirine resistance was predicted for HIV-1C, which limits their potential utility in further regimens. 36, 37 Another complementary possibility is that HIV-1C might harbour uncharacterized natural SNPs that possibly could reduce the fitness and delay the onset of viruses harbouring etravirine DRMs, resulting in a further Antiretroviral potency of 4 0 -ethnyl-2 0 -fluoro-2 0 -deoxyadenosine JAC accumulation of DRMs. Such an example is the emergence of the N348I mutation in the connection domain of HIV-1 RT, which has been shown to reduce the fitness of E138K-carrying HIV-1 strains known to be have a reduced etravirine susceptibility, delaying the detection of these resistant viruses. 38 The same could be the case for rilpivirine.
The complex issue of subtype-specific differences in resistance is illustrated by our finding that rilpivirine DRMs, e.g. G190A, were present in viral strains that were hypersusceptible to rilpivirine. This could be due to the presence of other mutations as well. Thus, one of the HIV-1B-panel viruses (NIH1883), which had G190A along with Y181C and K101E, showed a 12-fold resistance, but, in contrast, an HIV-1D virus with four potential rilpivirine mutations was hypersusceptible to rilpivirine. This finding was further supported by biochemical data suggesting that HIV-1C had higher IC 50 values of etravirine and rilpivirine, indicating a subtypespecific effect in the binding affinity of different HIV-1 RTs. This finding further supports our earlier report where we showed that HIV-1C RT had a 2-fold higher IC 50 of rilpivirine. 37 EFdA consistently suppressed both therapy-naive and resistant viruses. The K65R-and M184V-carrying strains were suppressed more effectively by EFdA than by tenofovir alafenamide. The superiority of EFdA is supported by mechanistic studies that have used single cycle cell-based assays showing that has tenofovir-resistant viruses with the K65R mutation have a 2.5-fold increased hypersusceptibility to EFdA-TP.
14 The 2 0 fluoro group in EFdA is resistant to cellular degradation by deaminases and extends the half-life of EFdA more than 72 h in in vitro experiments, 12 making EFdA a strong candidate for use as a longacting drug. A recent study showed a significant increase in the proportion of patients with TAM at failure of tenofovir disoproxil fumarate-based first-line ART including the standard tenofovir disoproxil fumarate mutation K65R. 8 Therefore, zidovudine may not be ideal for those patients as a second-line option. Therefore, EFdA can potentially fill the gap as viral strains with K65R are hypersusceptible to EFdA. These in vitro experiments give further support for the use of EFdA in all HIV-1 subtypes. Thus, the comparative efficiency determinations showed that EFdA-TP was Njenda et al.
selected better (by at least 2-fold) by RTs from all subtypes. The high binding efficacy of EFdA is mainly due to 4 0 ethynyl group, which binds to a hydrophobic pocket explicitly present in the structure of HIV-1 RT, 9, 10 and this binding site is conserved in HIV-1B, HIV-1C, 01_AE and 02_AG.
Our study has limitations that merit comment. First, the low numbers and unevenness of therapy-naive chimeric viruses could potentially result in a statistical bias. This is mainly due to the failure of cloning or non-functional viruses. Second, four HIV-1 RTs were used to study the efficacy of six drugs in our biochemical assays. To the best of our knowledge, this is the highest number of enzymes and drugs used in any study as most of the earlier studies were often restricted to one. It must also be emphasized that these experiments were conducted as a proofof-concept.
In conclusion, our combined in vitro virological and biochemical analysis suggests that EFdA inhibits both WT and RTI-resistant viruses efficiently in a subtype-independent manner and is, therefore, a valid choice of drug for clinical trials involving both therapy-naive (as first-line drug) and therapyfailure (as second-line drug) individuals. In contrast, subtypespecific differences were observed for etravirine and rilpivirine. Rilpivirine DRMs in non-B subtypes need further investigation given that rilpivirine is part of a long-acting formulation under development. It can be claimed that these subtype-specific differences for etravirine and rilpivirine described by us in vitro and ex vivo have not been shown to be of relevance in vivo. However, when an antiretroviral is introduced on a large scale to patients outside well-controlled clinical trials, it is still possible that such differences may result in differences in clinical outcome, especially in patients with suboptimal adherence.
